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ABSTRACT This paper proposes a multi-carrier modulation in which the carriers’ phase-shifts of a four-leg
three-phase inverter with active split dc-link are dynamically displaced to cancel the first harmonic of the
current flowing into the active split dc-link capacitors. The advantages of removing the first harmonic of the
ripple, namely, the most energetic one, allow advantages including better efficiency and reduced capacitor
volume. The proposed modulation aims at carrier phase-shifts tuned to reach harmonic cancellation over a
whole grid cycle. To this end, it is shown that two phases can freely rotate while the remaining phases should
be appropriately phase-shifted with respect to the other two. This allows the reduction of circulating rms
currents or other specific harmonics undesired in specific applications. The proposed modulation is validated
on an experimental prototype, proving the first harmonic cancellation effect.

INDEX TERMS Four-leg inverter, carrier phase-shift, split current reduction, harmonic cancellation.

I. INTRODUCTION
The four-wire three-phase (4W3�) inverter is widely used in
several applications as microgrids [1], [2], [3], [4], [5] and
uninterruptible power supply systems [6], [7]. Additionally, it
can be found in renewable energy solutions (e.g., as intercon-
nection between photovoltaic plant or wind turbine and the
grid) [8], [9], [10]. In the 4W3� inverter, the mid-point is
typically generated by the series connection of two capacitor
banks constituting the split dc-link [11], thus if the neutral
current management is required, bulky capacitor banks are
needed [12]. Usually, when the regulation of the neutral-point
voltage is needed, a fourth leg is added [13], [14]. If the
fourth leg is directly connected to the split dc-link capacitors,
a large part of the unbalancing current flows through the
neutral-leg [15], providing good unbalanced loads manage-
ment. Additionally, this connection provides a better dc-link
voltage exploitation by the use of third-order harmonic in-
jection (THI) [16], [17]. The considered four-leg topology is
shown in Fig. 1, where the neutral-point potential is created
by a fourth-leg, constituted of S1N , S2N , and the second-order
filter LN ,C1,C2. Typically, the active split dc-link capacitors

FIGURE 1. Four-wire three-phase (4W3�) inverter with active split dc-link.

serve as the whole dc-link capacitor bank [18], [19], [20], but,
in this case, in addition to the dc-link capacitor CIN , designed
for the dc-link voltage stabilization, the capacitors C1 and C2

serve to generate and regulate the neutral point voltage vO,
as performed in [21], [22]. This topology directly reduces the
switching frequency noise between the dc-bus voltage termi-
nals and the ground connection [16], [23]. Differently from
other topologies where the fourth leg is used to control the
voltage of the neutral wire [6], [12], here, the neutral inductor
is directly connected to the neutral voltage vO.

© 2025 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

1874 VOLUME 6, 2025

https://orcid.org/0009-0007-4558-9639
https://orcid.org/0000-0002-6779-5579
https://orcid.org/0000-0002-4140-7638
https://orcid.org/0000-0002-0994-5305
mailto:ezio.gallo@unipd.it
mailto:giovanni.bonanno@unipd.it


Thanks to the widespread availability and use of high
performance digital controllers [24], [25], more advanced
modulation techniques and control can be implemented to
improve converter operation. This paper proposes a dynamic
phase-shift carrier modulation that allows to cancel the cur-
rent magnitude of the ripple first harmonic entering the split
capacitors C1 and C2. In [22], a compensation of the same
current ripple is investigated aiming at a simple implementa-
tion that does not require any additional hardware or control,
and that can be deployed with minimal impact on common
inverters. Harmonic cancellation techniques are already used
in dc/dc multi-phase interleaved converters in order to reduce
the output current ripple or simply cancel harmonics that can
create problems in particular applications [26], [27]. In [28],
an interleaved multi-phase buck converters are considered
finding, when three interleaved bucks are used, the carrier
phase-shifts to cancel the first harmonic in asymmetrical op-
eration. Moreover, the work opens the way to reduce higher
order harmonic when more than three interleaved bucks are
used; however, due to the problem’s complexity, the authors
suggest to use iterative approaches in this case. In [27], a
second ripple harmonic cancellation technique is applied on
a modular parallel-input series-output dual active bridge con-
verter to reduce the ripple on the common output capacitor.
Additionally, a phase-shift control to maintain the second har-
monic at the minimum value when a load step or the number
of modules change occurs. Multi-carrier modulations are pro-
posed in a three-phase inverter for motor drive applications to
reduce the common mode voltage [25], [29] or current [30]
in the dc-link. Despite aiming at different objectives, these
papers consider a simple three-leg inverter without analyzing
the 4W 3� inverters.

In the following, as done in [22], it will be referred to
the active split dc-link 4W3� inverter as four-leg three-phase
inverter (4L3� inverter) [19], [20]. This paper, by treating
the considered inverter as a modified asymmetric four-phase
interleaved buck converter – sharing the characteristic of a
different operative mode for each buck converter [26] – has
the objective to find a multi-carrier modulation to eliminate
the ripple first harmonic component on the dc-split capacitors.
Differently from the dc-dc interleaved converters, an optimal
solution must be found for each switching cycle along the grid
period.

This paper is organized as follows: in Section II the anal-
ysis of the ripple is presented considering the first harmonic,
formalizing the tackled problem, and proposing the harmonic
cancellation solution; Section III validates experimentally the
proposed techniques; finally Section IV concludes the paper.

II. INVERTER CURRENT RIPPLE ANALYSIS
A. OVERVIEW OF 4L3fl INVERTER OPERATION
In the considered 4L3� topology of Fig. 1, the inverters are
modulated to generate symmetrical sinusoidal voltages vxO

at the output terminals x = A, B, C with amplitude V pk
xO . The

amplitude is function of the modulation index Mx, that is the

maximum duty-cycle dx variation Mx = dmax
x − dmin

x , and the
dc-link voltage vDC . The duty-cycles dx vary sinusoidally in
the interval 1/2 ± Mx/2 such that:

vxO(t ) = [2dx (t ) − 1]
vDC

2
= mx(t )

Mx
V pk

xO , (1)

where mx is the modulating signal, mx = 2dx − 1. Since in
the topology of Fig. 1, C1 and C2 have solely control purposes
(i.e., their value is much-less than the dc-link capacitor CN =
C1,C2 �CIN ) and, in a typical application, the neutral-point
voltage vO is closed-loop regulated, the low frequency resid-
ual current of iRES (i.e., unbalanced current at the fundamental
grid frequency) mainly flows through LN . As a result, the
part of iRES that flows in the active split dc-link capacitors
is composed by the combination of the ripples of the phases’
currents. When the THI on the neutral leg is applied, the
voltage vO and the low frequency component of iSP can be
expressed as:

vO(t ) = vDC

2
+ k3Mx

vDC

2
sin(3ωgt ), (2)

i3g(t ) = vO(t ) − vDC/2

2 · 3ωgCN
sin(3ωgt ), (3)

where k3 is the relative magnitude of the third harmonic com-
ponent and ωg = 2π fg is the grid fundamental frequency. It is
worth remarking that, since CN �CIN , from (3), the amount
of i3g that flows into the split is low compared to the ripple
and can be neglected. The same reasoning can be applied for
eventual unbalance current.

B. HARMONIC ANALYSIS OF THE CURRENT RIPPLE
The current ripple on the phases and the split capacitors are
analyzed in this section using a first harmonic approximation
to formalize the addressed problem and finding the phase-
shifts able to cancel the first harmonic in the whole grid
period. Considering only the ripple harmonics (i.e., neglecting
the grid frequency and its multiples), a generic current ripple
in a switching period can be expressed by its Fourier series:

i(t ) =
∞∑

n=−∞
cn exp( j2πn fswt ), (4)

where cn are the complex Fourier coefficients and fsw is the
switching frequency. Considering the first component at fsw

(i.e, n=1), the current i can be approximated by its funda-
mental component during the switching period:

i(1)(t ) = 2|c1| cos(2π fswt + ∠c1). (5)

Regarding the first harmonic, can be demonstrated that the
Fourier coefficients can be expressed as:

c1x = vDC

2π2 fswL
(e− j2πdx − 1 + j2πdx ), (6)

with x representing the phases and the neutral (i.e., A, B,
C, N). Considering the currents through the phases and the
neutral of Fig. 1, it is clear that the duty-cycles of each leg
dx , changing along the grid period, will affect directly their
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harmonic Fourier coefficients. If we assume to divide the grid
period into H switching periods – expecting, in application,
to have a high value of H , since fsw � fg – and, consider-
ing phase A as reference, to have the pulse-width modulator
(PWM) carriers phase-shifted by an angle ϕx , we can express
the first harmonic component of iSP = iRES +iLN during the
h-th period Th as:

i(1)
SP [Th] =

∑
x

c1x[Th] exp( jϕx ) , (7)

where the notation [Th] specifies the considered switching
period. As a final remark, as reported in [22], the current iSP,
thus the Fourier coefficients, depends on the ratio between LN

and L, that is referred to KL in the following.

C. RIPPLE FIRST HARMONIC CANCELLATION
In order to cancel the ripple first harmonic component, the
sum of the related phases and neutral components must be
zero. By re-writing, for simplicity of notation, each phase and
neutral current as I (1)

x =c1x[Th] exp( jϕx ), for each h-th period,
it yields:

∑
x

I (1)
x = 0 →

{
|∑x I (1)

x | = 0

∠
∑

x I (1)
x = kπ k ∈ Z.

(8)

The magnitude of the vectors is known from (6), thus, taking
phase A as the reference, the unknown variables are the other
three phase-shifts values ϕB, ϕC , and ϕN . The considered
cancellation problem can be described as:√√√√√√ Re

(
I (1)
A + I (1)

B + I (1)
C + I (1)

N

)2 +
Im
(

I (1)
B + I (1)

C + I (1)
N

)2 = 0, (9)

arctan

(
Im(I (1)

B + I (1)
C + I (1)

N )

Re(I (1)
A + I (1)

B + I (1)
C + I (1)

N )

)
= 0, (10)

with Im(I (1)
A )=0. The problem can be represented in the real-

imaginary plane to visually explain the meaning of the aimed
minimization as shown in Fig. 2(a). The system composed by
(10) and (9) is described by two equations and three variables
(i.e., ϕB, ϕC , and ϕN ), thus generating an infinite number of
solutions. Aiming at a closed form solution, a degree of free-
dom is removed. To demonstrate the approach, the phase of
the vector I (1)

C is arbitrarily fixed to ϕC = 270◦, allowing I (1)
B

and I (1)
N free to rotate closing the quadrilateral in Fig. 2. The

resulting configuration of the vectors in the complex plane is
represented in Fig. 2(b). With this simplification, the system
of equations becomes:√√√√√√ Re

(
I (1)
A + I (1)

B + I (1)
N

)2 +
Im
(

I (1)
B + I (1)

C + I (1)
N

)2 = 0, (11)

arctan

(
Im(I (1)

B + I (1)
C + I (1)

N )

Re(I (1)
A + I (1)

B + I (1)
N )

)
= 0, (12)

FIGURE 2. Phasor diagram of the phases and neutral ripple first harmonic
vectors. a) an example of the first harmonic cancellation problem
described in (10); b) an example of the simplified first harmonic
cancellation problem described in (12) with ϕC =270◦.

FIGURE 3. Amplitude and carrier phase-shift values of the first harmonic
phases and neutral components with the adopted first harmonic
cancellation technique for KL =1, Mx =0.8, and k3 =0.15. Phase A, taken
as reference, and phase C imposed (i.e., ϕA = 0◦ and ϕC = 270◦), are not
reported.

where Im(I (1)
A )=0 and Re(I (1)

C )=0. With this assumption, the
system reduces to a two-dimensional space. Symbolic closed-
form solutions for ϕB and ϕN are not reported herein to avoid
cumbersome notations. The analytical solution can be easily
found by implementing (12) into a computing environment
like Matlab. In Fig. 3 the normalized amplitudes and the
phases of the three phases and neutral vectors are reported
for an inductance ratio KL =1, a modulation index Mx =0.8,
and a relative third harmonic magnitude of k3 =0.15. The
amplitude I (1)

x is normalized to the peak amplitude of the
phases vectors (namely Imax

A , since they have the same peak
amplitude). The angle of phase A and phase C are fixed to
ϕA = 0◦ and ϕC = 270◦ respectively, thus they are omitted;
the other two angles (i.e., ϕB and ϕN ) cycle every 10 ms. Since
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FIGURE 4. (a) Carrier phase-shift values ϕB and ϕN with the adopted ripple first harmonic cancellation technique for KL ∈ (0.75 − 1.5), Mx = 0.8, and
k3 = 0.15. Phase A, taken as reference, and phase C imposed (i.e., ϕA =0◦ and ϕC =270◦), are not reported. (b) Carrier phase-shift values ϕB and ϕN with
the adopted ripple first harmonic cancellation technique for Mx ∈ (0.3 − 0.9), KL = 1, and k3 = 0.15. Phase A, taken as reference, and phase C imposed
(i.e., ϕA =0◦ and ϕC =270◦), are not reported. (c) Carrier phase-shift generator and pulse-width modulator used for the proposed harmonic cancellation
technique. The phase-shifted carrier generator displaces the carriers depending on the ϕx input (x = A, B, C, N). The resulting carriers are compared with
the duty-cycles (dx = (dA dB dC dN )) in the PWMs creating the driving signals of legs (i.e., Sg

1,2x).

current harmonics depend directly on the inductance values
(i.e., KL if the amplitude is normalized) and the modulation
index Mx , in Fig. 4(a) and (b) the values of ϕB and ϕN for
different values of KL , sweeping from 0.75 to 1.5, and for
different values of Mx , from 0.3 to 0.9, are reported. Due to the
100 Hz periodicity of the solution, only the first half of the grid
period is plotted. The range of KL is limited since practically,
it is not likely to have a neutral inductance value too far
from the value of L. Indeed, increasing LN results in bulkier
inductor, while lowering LN causes a higher current ripple;
additionally, too low LN value, increases the first harmonic of
iLN , reaching, eventually, a value for which it is not possible to
have a perfect harmonic cancellation. Similarly, Mx is limited,
since, in a typical application, it is not likely to work with the
voltage near the maximum generable voltage.

Interestingly, with a low value of Mx, the solution flattens,
reaching, at the limit, the interleaved phase-shift solution [28].

Clearly, this approach can be used also when the THI on the
neutral node is not applied, where, the only difference stands
on the amplitude of the neutral harmonics, thus, we can expect
similar results as those shown in Fig. 4(a) and (b). It has to be
noticed that, especially in niche applications (e.g., when the
harmonic values are too different such as when KL �1), it
is not always possible to find a closed-form solution for the
whole grid period. Must be remarked that the choice of ϕC

was made arbitrarily, thus, one can investigate this additional
degree of freedom to have, apart from the first harmonic can-
cellation :
� the minimization of one of the higher order harmonic;
� the minimization of the root-mean-square (rms) value of

iSP (irms
SP ).

Due to the complexity of the minimization problem, authors
suggest exploiting a brute-force search to minimize the de-
sired quantity; this is not a focus of this paper, thus ϕC =270◦
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FIGURE 5. Duty-cycle compensation technique used to cancel the
transient caused by a phase-shift variation. After the application of the
duty-cycle change �d, the sampled current corresponds to the average
current (square mark). If no compensation is used, the sampled current
(circle mark) is not the average value, potentially causing a transient
response.

is considered for the rest of the paper. Should be remarked
that optional modulation of ϕC introduces an additional degree
of freedom, eventually targeting a simultaneous reduction of
another unwanted switching harmonic.

D. DISCUSSION ON IMPLEMENTATION DETAILS
Let us consider a single leg of the 4L3� carrier phase-shift
variation (i.e., that can be seen as a buck converter). Fig. 4(c)
sketches an organization of the phase-shifted carrier generator
used for the proposed harmonic cancellation technique. The
phase-shift between carriers are adjusted once per switching
cycle (note that for phase A and C the reported phase-shift is
not modulated as in Section II-C).

In general, in response to a carrier phase-shift variation,
a perturbation of the on or off-time occurs, thus changing
the average voltage/current value that can be computed by
the volt-second balance of the buck inductor. This change
in the average quantities causes an unwanted perturbation
to the system. To avoid this, several provisions are possible,
such as duty-cycle compensation, to restore the volt-second
balance of the inductor. As represented in Fig. 5, assuming
a phase-shift increment during the on-time of the top gate
signal Sg

1x , the current iL increases above the steady-state peak
current, causing, in the next switching period, the current to be
sampled at a value different from its average value (circles on
the dashed current iL). It is clear that the volt-second balance
is not preserved during the considered cycle. Considering,
instead, the application of the duty-cycle compensation, to
satisfy the volt-second balance on the inductor, it is possible
to write:

(vDC − vo) (ϕ + (d + �d )π ) = − vo (π − (d + �d )π )

→ �d = ϕ

π
(1 − d ), (13)

TABLE 1. Experimental Parameters

where �d is the required duty-cycle variation. Remarkably,
using this compensation, the sample instants marked with the
square signs correspond to the average current values of the
current iL, additionally, after a cycle, the ideal steady-state
conditions are satisfied without any transient. By applying the
same procedure in the 4L3� inverter, considering the THI, the
duty-cycle compensation for the phases and the neutral legs
are:

�dx = vO

vDC
− 1

2
− ϕx

π

(
3

2
− dx − vO

vDC

)
, (14)

�dN = ϕN

π
(1 − dN ). (15)

It is clear that, since the phase-shift frequency fϕ is much
lower than the switching frequency ( fϕ =2 fg� fsw), the
cycle-by-cycle phase-shift variation is minor, thus, causing a
negligible variation of the duty-cycle �d , and can be avoided.
In the following validation, the compensation technique is not
carried out.

III. EXPERIMENTAL VALIDATION
To test the proposed first harmonic cancellation technique,
we used four SiC half-bridges of the Imperix power rack
PEB8024 (one for each 4L3� leg), driven by an Imperix
B-Box 3.0. The control logic is directly implemented into the
Matlab/Simulink environment. Modulation and control tech-
niques are widely discussed in literature as in [17], [22], [31].
The control of the output voltages consists of proportional-
integral (PI) regulators with a 150 Hz resonator and the control
of the neutral potential vO, generated by the addition of an
external board, uses PI regulators too. Double-rate update
digital PWM with triangular carrier is used for each inverter,
with the direct injection of the variable phase shift – since,
as discussed in Section II-II-D, this slow phase-shift variation
does not need additional compensation provisions. The dy-
namic phase-shift waveforms of ϕB and ϕN are implemented
using a look-up table, dividing the grid semi-period into H =
2 fg/ fsw = 250 intervals, thus, changing the phase-shift once
for switching period. The experimental parameter and the op-
erative condition are reported in Table 1.In order to compare
with the existing modulation, the result presented in [22] is
considered as a reference. Note that, the other investigated
cases are not taken into account, since provide out-performed
results in the testing condition of Table 1. The considered
cases are reported in Table 2, where, in the proposed approach,
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TABLE 2. Considered Phase-Shifts Cases. 0 Refers to Single Carrier
Modulation, NP Refers to the Best Case of [22], Dyn Refers to the
Phase-Shift of Neutral and Phase B Carrier as Reported in Fig. 3.

FIGURE 6. Waveforms in case 0 with balanced load. Symbols are defined
in Fig. 1.

FIGURE 7. Waveforms in case NP with balanced load. Symbols are
defined in Fig. 1.

referred to Dyn, ϕB and ϕN dynamically change along the grid
period as shown in Fig. 3 (KL and Mx are the same). In Figs. 6,
7, 8 are reported the neutral inductor, residual and split capac-
itor currents, respectively iLN , iRES , iSP in the cases 0, NP and
Dyn. As reported in [22], the NP state reduces the rms current
irms
SP of about 75% when KL = 1 and Mx = 0.8. The proposed

modulation, as can be seen from the Fig. 8, allows achieving
better results, with a further reduction of 20% of irms

SP in respect
to the NP case. Moreover, as already demonstrated in [22], the
rms current reduction does not directly depend on the load

FIGURE 8. Waveforms in case Dyn with balanced load. Symbols are
defined in Fig. 1.

unbalance, thus measurements in unbalanced operation are
not required for validation purposes.

To validate the first ripple harmonic cancellation, the Fast
Fourier Transform (FFT) of the current iSP is performed using
the FFT function of the RTB2004 Rhode&Schwarz oscillo-
scope, focusing on the first two ripple harmonics. In Fig. 9(a)
and (b) the FFT analysis is reported for the 0 and Dyn cases.
The proposed modulation allows decreasing the first ripple
harmonic level (the peak at fsw =25 kHz) by a 28.5 dBm
(from 25.66 dBm without modulation to −2.9 dBm when the
modulation is applied) but does not provide direct control
of the higher order harmonics as, for example, the second
harmonic level increased by 7.64 dBm. Compared to the fixed
multi-carrier technique, this modulation requires higher com-
plexity, with the need of the possibility to dynamically update
the phase-shift of two carriers and an independent sampling
and update time for each analog to digital converter and
digital PWM. Moreover, a look-up table is needed for each
operative condition that can be used for the converter, oth-
erwise, a sub-optimal ripple first harmonic cancellation will
occur. Regardless of these complexities, if the digital control
platform performances are enough, this modulation can be
easily implemented providing better converter performances
in capacitor size and efficiency point-of-view. It is important
to remark that, the value of ϕC was arbitrarily fixed to be able
to solve the above-mentioned problem, thus, any other ϕC can
be chosen. This degree of freedom allows ϕC to be scaled
reducing other undesired harmonics.

Note that, since the proposed technique introduces a very
slow modulation on the controlling signals with respect to
the converter’s dynamics, the two dynamics (i.e., modula-
tor’s and converter’s one) can be considered totally separated.
Therefore, the technique can be used together with literature’s
controls without any modifications.

Finally, since in the selected case study with a resistive
load the generated output voltage has to be maintained as the
same to the grid-connected scenario, the unwanted harmonic
content due to the switching ripple is identical. In any case, the
nature of the load is not relevant to the high-frequency ripple
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FIGURE 9. Fast Fourier Transform of the current iSP in the 0 and Dyn case with balanced load measured with RTB2004 oscilloscope.

entering to the split capacitors that is mainly caused by the
switching action of the converter. In this sense, the proposed
technique can be applied regardless the nature of the load.

IV. CONCLUSION
This paper presented a ripple first harmonic cancellation tech-
nique, applied on the dc-split capacitor current of the four-leg
three-phase inverter, phase-shifting dynamically two carriers
along the grid period. This technique allows to further reduce
the rms current over the state-of-the-art modulations. The pro-
posed modulation is tested with experimental measurements,
validating the ripple first harmonic cancellation technique in
the whole grid period and showing out-performing result re-
garding the rms current reduction on the active split dc-link.
Further developments may explore the modulation of ϕC to
reduce an additional higher-order harmonic.
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